The main aim of the present study is to evaluate the fusion probabilities and investigate competing quasifission process in the reactions with heavy ions leading to the formation of superheavy composite systems. The mass-energy distributions, as well as capture cross-sections of fission-like fragments for the reactions of 22 Ne, 26 Mg, 36 S, 48 Ca, 58 Fe and 64 Ni ions with actinides leading to the formation of superheavy compound systems with Z=102-120 at energies near the Coulomb barrier have been measured. The relative contribution of quasifission to the capture cross section becomes dominant for superheavy composite systems. Fusion-fission cross sections were estimated from the analysis of mass and total kinetic energy distributions.
Introduction
In reactions with heavy ions complete fusion and quasifission (QF) are competing processes.
1,2 The relative contribution of QF to the capture cross section becomes dominant for superheavy composite systems, and compound nucleus (CN) formation is hindered by the QF process. The balance between the two processes strongly depends on the entrance channel properties, such as mass asymmetry, deformation of interacting nuclei, collision energy, and the Coulomb factor Z 1 Z 2 .
A large success was achieved in the synthesis of superheavy elements with Z= 108 − 118 in the reactions of "cold" and "warm" fusion. Reactions with Pb/Bi targets, leading to lowly excited compound nucleus (CN), are used for "cold" fusion, 13 whereas the reactions with actinide targets, leading to excited CN, are used for "warm" fusion. 4 In the "cold" fusion reactions the excitation energy of CN is 10-20 MeV near the reaction threshold, the CN formation cross section is suppressed strongly by quasifission (QF) and deep-inelastic reactions.
The excitation energy of a formed CN is about 30-40 MeV in "warm" fusion reactions and the de-excitation of CN to the ground state is due to the emission of three or four neutrons and several γ-rays. Nevertheless in the "warm" fusion reactions the formed CN is more neutron rich and nearer to the closed neutron shell at N= 184 than in the case of "cold" fusion reactions. Consequently, the "warm" fusion reactions are more preferable for synthesis of the SHE. At FLNR double magic 48 Ca ions were used for the productions of elements with Z=112-118. 4 The cross sections of SHE in these reactions do not change practically with increasing atomic number of CN and maintain the level of a few picobarn.
Nuclei with Z > 118 cannot be synthesized in 48 Ca induced reactions since 249 Cf is the heaviest target material available for these purposes. One of the possible ways for further progress in the field of the SHE synthesis is to use the complete fusion reactions of 238 U, 244 Pu and 248 Cm nuclei with heavier projectiles, such as 58 Fe or 64 Ni, leading to the formation of even heavier elements with Z= 120 − 124 and N= 179 − 183. However, the increase of projectile charge leads to the increasing of the QF contribution.
This paper presents the results of the experimental investigations of the influence of the entrance channel properties on the competition between fusion-fission (FF) and QF in "warm" fusion reactions. The properties of binary reaction products obtained in the reactions of 22 Ne, 26 Mg, 36 S, 48 Ca, 58 Fe and 64 Ni with actinides have been measured at energies near the Coulomb barrier. Binary reaction products were detected by the two-arm time-of-flight spectrometer CORSET.
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Previously in the experimental investigations the symmetric fragment region with mass A CN ±20µ was often attributed with CN-fission. However, a realistic description of the mass, energy and angular distributions of the reaction fragments formed in deep inelastic scattering, QF and CN-fission processes in low energy heavy ion collisions show 6 that the potential energy surface for these systems is strongly modulated by shell effects and leads to the appearance of deep valleys corresponding to the formation of well bound magic nuclei. In accordance with these calculations, at least three paths leading to the formation of fission-like fragments can be distinguished: asymmetric QF caused by the influence of proton shells with Z= 28, 82 and neutron shells with N= 50, 126; symmetric QF determined by the shells with Z = 50 and N= 82; CN-fission leading to the formation of symmetric fragments. Therefore, in present analysis we supposed that the mass region A CN ± 20µ is populated as CN-fission fragments, as well as QF fragments and paid a special attention to the properties of symmetric fragments in order to assign probabilities of CN-fission and QF processes. Fig. 1 the TKE-mass distributions change with decreasing asymmetry η in the entrance channel from symmetric for incoming 22 Ne-ions to strongly asymmetric for incoming 58 Fe-ions. These changes are understood as reflecting the relative contributions of CN-fission and QF to the fission process excited Hs * isotopes as depending on the reaction studied.
It is clearly seen that even at similar CN excitation energies the TKEmass distributions are vastly different for these reactions. For the reactions 26 Mg+ 248 Cm at excitation energy of 64 MeV of the CN, the mass distribution is well described by a single Gaussian, and the average TKE and its variance are close to the prediction of the Liquid Drop Model (LDM) at high excitation energies of compound nuclei and may hence be attributed to CN-fission process (see Fig. 2 left-hand panel) . As opposed to the 26 Mg+ 248 Cm reaction where CN-fission is the main process in the case of the reaction 36 S+ 238 U both CN-fission and QF contribute significantly. The mean value and dispersion of TKE increase with increasing energy of 36 S ions and exceed the LDM predictions at the highest energy. This is clearly seen in Fig. 2 . At an excitation energy of 56 MeV the TKE distribution seems to be a simple Gaussian. But the standard deviation is higher than that from the LDM, whereas in the reactions with Mg ions at the high excitation energies the TKE distributions are well described by single Gaussian with the parameters coming from the LDM. One may speculate about the presence of other processes together with the CN-fission in the symmetric mass region for the 36 S+ 238 U reaction. We assume that the mass symmetric fragments may be formed by three different modes: CN-fission, symmetric QF, and a tail of the asymmetric QF process. To evaluate the contribution of the CN-fission process in the symmetric mass region, the TKE distributions are decomposed as a sum of three Gaussians. One of them is associated with the CN-fission process (filled region on the top panel in Fig. 2 ). The yield of CN-fission fragments in the mass distribution being described by a Gaussian (filled region on the bottom panel in Fig. 2 ) was weighted using this estimation. More detailed analysis of mass and TKE distributions for these reactions at different excitation energies are presented in Ref 7 .
The TKE-mass distribution for the 58 Fe+ 208 Pb reaction has a wide U shape even at excitation energy of 48 MeV (well above the Bass barrier). For this reaction the QF process dominates at energies below and above the Bass barrier. This reaction takes a special place due to the fact that one of the partners is double-magic lead. It is known that for heavy-ion induced reaction the formation of QF fragments is determined by the strong influence of the nuclear shell at Z= 82 and N= 126 (double magic lead). Therefore, for this reaction the QF fragments overlap strongly with quasi-elastic and deep-inelastic events. It is clearly seen on the TKE-mass matrices in the Fig. 1 . The QF fragments for the reactions with 36 S and 58 Fe ions are mainly formed in the mass region near the closed shells with Z= 28 and N= 50 for the bump at low masses and with Z = 82 and N= 126 for the bump at large masses.
For the reactions
26 Mg+ 248 Cm and 36 S+ 238 U the cross section of the evaporation residues (ER) amounts to a few nanobarns 8, 9 and contributes insignificantly to the fusion cross section. Thus we can estimate the fusion probability using the measured TKE-mass distributions as the ratio between the number of events attributed to fusion-fission in the frame of the LDM and all fission-like fragments. The so-obtained fusion probabilities as a function of the energy above the barrier are presented as open symbols in Fig. 3 for these reactions. 
Reactions with an
238 U Target Figure 4 shows the mass energy distributions of binary fragments obtained in the reactions of 36 highlighted at this point. Generally, in heavy-ion-induced reactions the formation of asymmetric QF fragments is connected with the strong influence of the nuclear shell at Z = 82 and N = 126 (doubly magic lead). In fact, for the 48 Ca+ 238 U reaction the maximum yield corresponds to fragments with masses 208 µ. However, in reactions with lighter projectiles on a uranium target, the asymmetric QF peak shifts toward more symmetric masses. In the reaction with 36 S-ions the asymmetric QF peaks around 200 µ. By contrast, for the heavier projectile 64 Ni, the maximum yield of asymmetric QF fragments corresponds to the heavy mass 215 µ. This trend is illustrated in Table 1 , where the positions of heavy QF fragments for these reactions are presented. But, in the formation of the asymmetric QF component, also the closed shell in the light fragment at Z = 28 and N= 50 could be effective, together with the shells Z= 82 and N= 126, and could lead to the shift of the asymmetric QF peak. Based on the simple assumption of an N/Z equilibration, the masses of the light and heavy fragments corresponding to these closed shells were calculated. In Table 1 are in good agreement with the experimental ones, except for the more asymmetric 30 Si+ 238 U reaction. For this reaction the Coulomb repulsion is expected to be smaller. This may lead to longer reaction times before separation for asymmetric QF and thus allow for larger numbers nucleons to be exchanged. For the other more symmetric reactions with heavier projectiles, the major part of the asymmetric QF peak fits into the region of the Z= 82, N = 126 and Z= 28, N = 50 shells. The maximum yield of the asymmetric QF component is a mixing between all these shells. Unfortunately, the transition to heavier projectile results in the large increase in the Coulomb factor Z 1 Z 2 that is crucial for the competition between CN-fission and QF. In figure 5 the TKE distributions of fissionlike fragments in the mass region A CN /2 ± 20 u for the reactions 48 Ca+ 238 U, 58 Fe+ 244 Pu and 64 Ni+ 238 U are presented. It is seen that the TKE distributions have a complex structure for all reactions. The TKE distributions were described by the sum of the three Gaussians for all the reactions studied.
The high energy part may arise instead from the symmetric mode of the QF. Furthermore, we note that the mean TKE of this mode is about 40 MeV higher that the mean TKE for the CN-fission process. Considering that both processes give rise to symmetric mass fragments, the difference in mean TKE can be taken as an evidence that in the QF process a complete dissipation of the entrance channel energy does not occur. As a consequence, the symmetric fragments with high TKE do not originate from complete fusion because the final fragments retain part of the entrance channel total kinetic energy. In contrast to 48 Ca+ 238 U, for the reaction 64 Ni+ 238 U the TKE distribution has more pronounced low and high energy components (see Fig. 5c statistics, only an upper value for the relative yield of the CN-fission component can be reasonably given. Table 2 gives the relative contribution of all symmetric fragments in the mass range A CN /2 ± 20 u and symmetric fragments with TKE corresponding to the Viola systematics. The obtained capture cross sections are about a few hundred millibarns for Ca and Ni in-duced reactions, whereas the formation of symmetric fragments is one order of magnitude less for the reaction 64 Ni+ 238 U. Yet, in the case of the Ca+U at the energies above the barrier, approximately 70% of the events have the TKE expected for the CN-fission process, whereas in the case of the Ni reaction only a few percents of the symmetric fragments have the TKE compatible with the Viola prediction for the 302 120 CN-fission. While the 64 Ni+ 238 U reaction has lower excitation energy at the reaction threshold energy, the CN-fission cross section is suppressed by stronger QF process. 
Conclusions
Previously for separation of QF and CN-fission the angular and mass distributions of fissionlike fragments were used. The present analysis of the TKE distributions of fragments with mass A CN /2 ± 20 u for different reactions studied shows that the variance of the TKE distribution is sensitive to the presence of the QF process. At excitation of CN larger than 40 MeV (when the shell in CN-fission is practically disappeared) broadening of the TKE distribution point to the presence of the both QF and CN-fission processes. Narrowing of the TKE distribution indicate that QF is a dominant process. The fusion probabilities for different reactions were estimated from the analysis of the TKE distribution in addition to mass distributions. 48 Ca+ 238 U reaction the evaporation residue cross-section for 3n,4n channels is about a few pb. Thereby in the transition from Ca to Fe and Ni ions, the evaporation residue cross-section drops down at least one and two orders of magnitude, respectively.
Hereby, a further progress in the field of synthesis of superheavy nuclei can be achieved using hot fusion reactions between actinide nuclei and 48 Ca ions as well as actinide nuclei and 50 Ti, 54 Cr, 58 Fe ions. At the transition from Ca to Ni projectiles the contribution of the QF process rises sharply and Ni ions is not suitable for the synthesis of element Z≥120 in the complete fusion reactions.
